Objective Cerebrovascular reactivity represents the capacity of the cerebral circulation to raise blood flow in the face of increased demand, and may be reduced in some clinical and physiological conditions. We tested the hypothesis that the hypercapnia-induced increase in cerebral perfusion is attenuated during heat stress (HS) compared to normothermia (NT), and this response is further reduced during the combined challenges of HS and lower body negative pressure (LBNP). Methods Ten healthy individuals (9 men) undertook rebreathing-induced hypercapnia during NT, HS, and HS ? 20 mmHg LBNP (HS LBNP ), while cerebral perfusion was indexed from middle cerebral artery blood velocity (MCA V mean ). Cerebrovascular responses were calculated from the slope of the change in MCA V mean and cerebral vascular conductance (CVCi) relative to the increase in end tidal carbon dioxide (PET CO 2 ) during rebreathing. Results MCA V mean was similar in HS (55 ± 19 cm s -1 ) and HS LBNP (52 ± 16 cm s -1 ), and both values were reduced relative to NT (66 ± 20 cm s -1 ), yet the rise in MCA V mean per Torr increase in PET CO 2 during rebreathing was similar in each condition (NT: 2.5 ± 0.6 cm s -1
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Introduction
Cerebral reactivity is used as an index for the ability of cerebral perfusion to rise to meet increased demands for blood flow. Cerebral vasomotor reactivity (CVMR) is a technique that assesses the responsiveness of cerebral perfusion to elevations in arterial carbon dioxide (Pa CO 2 ) and can become diminished in some clinical conditions [11] . Previous reports indicate that perturbations known to increase sympathetic nervous system outflow (i.e., sympathetic nervous system activity; SNA) can diminish cerebrovascular reactivity [10, 30] . Cerebral arteries have been shown to be innervated by sympathetic nerve fibers [20] , thus increased SNA might vasoconstrict the cerebral vasculature. Importantly, the degree of sympathetic modulation of the cerebral circulation, as well as the sensitivity of the cerebral vasculature to elevations in SNA, is highly debated [26] . Previous work has demonstrated that cerebral blood velocity is diminished during reductions in central blood volume evoked by lower body negative pressure (LBNP) despite maintained arterial blood pressure suggesting cerebral vasoconstriction [17] . However, Zhang et al. [31] found that autonomic ganglionic blockade did not prevent reductions in cerebral blood velocity during an orthostatic challenge suggesting that other factors besides elevated SNA reduce cerebral perfusion. Even less is known regarding the role of elevated sympathetic outflow on CVMR and thus cerebrovascular reactivity. Recent evidence suggests that sympathoexcitation, evoked by low levels of LBNP (15 mmHg), diminishes CVMR in healthy normothermic individuals [30] . This implies that elevated SNA reduces cerebrovascular reactivity [30] , a finding of particular relevance to conditions associated with elevated resting SNA [1] . Despite reports that increased SNA influences CVMR [10] other work found no changes in cerebral reactivity during greater levels of LBNP (40 mmHg) [16] and presumably larger elevations in sympathetic outflow.
Whole-body heat stress increases sympathetic outflow [12] and reduces cerebral perfusion [3, 15, 29] , and if heat stress-mediated elevations in SNA are directed to the cerebral circulation, it is plausible that the capacity for cerebral vasodilation might be diminished during a rebreathing task in this thermal condition. This is an important question given the already reduced cerebral perfusion in this thermal state [3, 15, 29] . The inability to increase cerebral perfusion is of particular interest for individuals exposed to heat stress conditions (i.e., firefighters, military personnel, etc.). Low et al. [19] demonstrated that CVMR to steady-state changes in Pa CO 2 , indexed as end tidal carbon dioxide (PET CO 2 ), is unchanged following an increase in internal temperature of *1°C, indicating cerebrovascular reactivity is maintained during heat stress despite augmented sympathetic outflow in this thermal condition [5] .
Nevertheless, MSNA continues to increase progressively with elevations in internal temperature [18] ; therefore, if the cerebral circulation is also modulated by SNA it is possible that a greater magnitude of increase in internal temperature and thus elevation in SNA [18] are required to alter CVMR. Contradicting this theory, Fan et al. [7] demonstrated that CVMR to steady-state hypercapnia (i.e., 5 %) is unchanged during elevations in internal temperature of 2°C above baseline. While these studies suggest that CVMR to steady-state increases in PET CO 2 is not reduced during moderate and severe heat stress, the impact of wider range of hypercapnia (i.e., transient vs. steady-state increases in PET CO 2 ) during severe heat stress remains unknown. Using the steadystate approach, the aforementioned studies [7, 19] assessed cerebral perfusion at a single level of hypercapnia. While this approach has the advantage of bringing all subjects to the same degree of hypercapnia, a limitation is that only a single hypercapnic assessment of cerebral perfusion is achieved. On the other hand, rebreathing raises Pa CO 2 progressively, which enables the slope of increase in cerebral perfusion to be assessed relative to the slope of increase in Pa CO 2 across all breaths during rebreathing. The latter approach provides an advantage for assessing cerebrovascular reactivity in that slopes can be determined based on a large number of samples (breaths), compared to only two using the steady-state method [7, 19] . In addition, sympathetic outflow (indexed as MSNA) is also elevated in response to LBNP [27] ; however, the influence of combined heat stress and LBNP on cerebrovascular reactivity remains unknown.
This study was designed to determine the effect of heat stress alone and heat stress ? LBNP, perturbations known to increase sympathetic outflow, on CVMR during transient increases in PET CO 2 . Despite findings that CVMR is reduced during mild LBNP in normothermic conditions, based on previous findings during heat stress, we hypothesized that CVMR during transient increases in PET CO 2 would be similar during heat stress and heat stress ? LBNP relative to normothermia.
Methods

Ethical approval and subjects
Protocols and techniques were approved by the Institutional Review Board at The University of Texas at Austin. Subjects were informed of the purpose and risks involved before providing their informed, written consent. Ten healthy, non-smokers (9 men) age 26 ± 6 years participated. Height, body mass, and BMI were 1.74 ± 0.09 m, 71.4 ± 12.5 kg, and 23.5 ± 1.8 kg m -2 , respectively, and all were free from cardiovascular, metabolic, or neurological disease. Experiments were conducted in a laboratory maintained at *24°C and 40 % relative humidity. Trials were performed in the morning, after an overnight fast ([10 h), and subjects abstained from alcohol and caffeine the night before testing.
Instrumentation and measurements
Upon arrival, subjects immediately ingested a telemetry pill for collection of intestinal temperature (HQ, Palmetto, FL). Assessment of euhydration was determined via urine specific gravity (USG; \1.02). If USG was [1.02, the trial was canceled and rescheduled. Subjects then dressed in water perfused, tube-lined suit (Med-End, Ottawa, Canada) that covered the entire body except the head, face, arms, and feet and were placed into a LBNP chamber that was sealed at the iliac crest. Heart rate (HR) was measured with an electrocardiogram (HP Patient Monitor, Agilent, Santa Clara, CA). Beat-by-beat arterial blood pressure was collected from one finger using the Penaz method (CNAP, Monitor 500, Austria). Cerebral perfusion was indexed as blood velocity in the middle cerebral artery (MCA V mean ), which was assessed using transcranial Doppler ultrasonography via the temporal window with a 2 MHz Doppler probe (Multi-flow, DWL Elektronische Systeme, Singen, Germany) that was held securely in place with a head strap. An index of cerebral vascular conductance (CVCi) was calculated from the ratio of MCA V mean to mean arterial blood pressure (MAP). Arterial carbon dioxide tension was indexed from PET CO 2 (VitalCap Capnograph Monitor, Oridion, Needham, MA, USA).
Experimental protocol
Following instrumentation, subjects rested in the supine position, while thermoneutral (34°C) water circulated through the suit. Following 15 min of steady-state rest, subjects were fitted with a nose clip and mouth piece for 5 min of baseline data collection during spontaneous breathing in normothermic conditions (NT) with mean values calculated over the final minute. The mouth piece contained a port where a sampling line was inserted for assessment of PET CO 2 . Following NT baseline, subjects began a rebreathing procedure to induce transient increases in PET CO 2 that consisted of *3 min of breathing in and out of a 5 L bag. During rebreathing, oxygen was bled into the bag at a rate equal to each subject's basal metabolic rate [8] , to prevent hypoxia [4] . Subjects were then exposed to whole-body heat stress by perfusing 49°C water through the suit until internal temperature was elevated *1.4°C above baseline (*45 min of heating) at which point the temperature of the water perfusing the suit was lowered to 47°C to reduce the rate of heat gain. Heat stress (HS) baseline data were then collected during spontaneous breathing and the aforementioned rebreathing procedure was repeated. After a return of MAP and HR to prerebreathing levels, subjects were exposed to 20 mmHg LBNP (HS LBNP ) and the rebreathing maneuver was again repeated *45 s after the onset of LBNP. Baseline data for HS LBNP were collected in the final 30 s of this 45 s period. Subjects' arterial oxygen saturation exceeded 98 % during the rebreathing procedure in each condition confirming that data were collected in normoxic conditions. The order of the conditions was not randomized because measurements during HS had to follow NT due to the effects of HS on cardiovascular responses. Likewise, the ability of the subjects to recover from the rebreathing challenge during HS LBNP would likely be impaired and thereby prevent measurements during HS alone. Therefore, the order was always NT, HS, HS LBNP .
Data analysis
Hemodynamic and thermal data were recorded on a data acquisition system (Biopac System, Santa Barbara, CA). Cerebrovascular responses (MCA V mean and CVCi) to rebreathing were assessed on a breath-by-breath basis. Average values for MCA V mean , CVCi, PET CO 2 , heart rate, and MAP were determined at baseline (as described above), and for every breath during the rebreathing challenge. Cerebral responses to rebreathing were assessed using MCA V mean as well as CVCi, which takes into consideration rebreathing-induced changes in arterial pressure. MCA V mean and CVCi were analyzed as absolute values and percent changes to account for reductions in baseline that occur during heat stress [3, 15, 29] .
Statistical analysis
Statistical analyses were performed using a statistical software package (SigmaStat 3.11, Chicago, IL). Baseline hemodynamic and thermal responses during NT, HS, and HS LBNP were analyzed using a repeated measures ANOVA. The slopes of the relationships for MCA V mean vs. PET CO 2 and CVCi vs. PET CO 2 were determined using linear regression analysis. The values for these slopes in each condition were then compared using a repeated measures ANOVA. When a main effect was observed, a Newman-Keuls post hoc analysis was used for pairwise comparisons. Significance was set at P B 0.05 and data are mean ± SD unless otherwise noted.
Results
Hemodynamic and thermal responses during baseline
Hemodynamic and thermal responses during baseline for NT, HS, and HS LBNP are shown in the Table 1 . Internal temperature was increased by 1.5 ± 0.2°C during HS and 1.6 ± 0.2°C during HS LBNP (both P \ 0.001 vs. NT) with no differences between heated conditions (P = 0.11). HR was elevated by 43 ± 9 beats min -1 during HS relative to NT (P \ 0.001), and 55 ± 16 beats min -1 during HS LBNP relative to NT (P \ 0.001), resulting in higher HR during HS LBNP relative to HS (P \ 0.01). PET CO 2 was reduced during HS and HS LBNP compared to NT (P \ 0.001 for both; Table 1 ), yet was similar in HS and HS LBNP (P = 0.08; Table 1 ). MCA V mean was reduced during HS (P = 0.03) and HS LBNP (P = 0.02) compared to NT with no differences between HS and HS LBNP (P = 0.47; Table 1 ). Although CVCi tended to be lower in HS relative to NT (P = 0.09), the reduction was only significant for HS LBNP compared to NT (P = 0.03; Table 1 ).
Hemodynamic responses during rebreathing-induced hypercapnia
Due to increased cardiovascular stress and subject discomfort, the duration of rebreathing was reduced during HS LBNP relative to NT and HS (HS LBNP : 128 ± 53 s; NT: 189 ± 27 s; HS: 168 ± 27 s; P B 0.02 for both); however, the rebreathing duration during NT and HS was similar (P = 0.18). Subsequently, the degree of increase in PET CO 2 during HS LBNP relative to HS and NT was reduced (HS LBNP :
13 ± 2 Torr; NT: 16 ± 3 Torr; HS: 15 ± 3 Torr; P B 0.03 for both) with no differences between NT and HS (P = 0.41).
Blood pressure responses during rebreathing were highly variable, yet the magnitude of increase was similar between conditions when expressed relative to the degree of hypercapnia (NT: 0.58 ± 0.25 mmHg Torr ; P = 0.49) were similar for all conditions. 
Discussion
The key finding of this study is that, CVMR during transient hypercapnia is similar during normothermia, heat stress, and heat stress combined with LBNP. Recent findings in normothermic conditions indicate that CVMR to elevations in PET CO 2 is attenuated during mild LBNP (15 mmHg) relative to control conditions, presumably through elevated SNA and subsequent cerebral vasoconstriction [30] . Further evidence linking increased SNA to reduced CVMR was documented by Jordan et al. [10] who reported a greater increase in MCA V mean in response to breathing hypercapnic gas (5 % CO 2 ) following ganglionic blockade. In contrast, LeMarbre and colleagues [16] found that cerebrovascular response to 10 mmHg hypercapnia was not altered during 40 mmHg LBNP compared to control conditions. The reason for the different responses is not clear, but may be related to the different protocols used to alter PET CO 2 and/or the greater level of LBNP in the study by LeMarbre et al. [16] . Furthermore, studies investigating cerebrovascular responsiveness to exercise-induced sympathoexcitation demonstrate enhanced cerebral reactivity to CO 2 [24] . Rasmussen and colleagues [24] reported that CVMR to hypercapnia is augmented during exercise relative to rest, and is further increased during exercise with hyperthermia. Comparisons between cerebral responses during exercise and resting orthostatic stress should be interpreted cautiously, however, due to confounding variables associated with exercise. For example, exercise-evoked central command overrides the brain stem resulting in baroreflex resetting [23] and may interfere with the chemoreflex. In addition, changes in plasma potassium, osmolarity, and temperature may partially offset the effects of SNA on cerebral vasoreactivity [24] . Nevertheless, the influence of nonexercise-related increases in SNA on cerebrovascular responses remains unresolved.
As mentioned, recent findings in normothermic conditions indicate that CVMR is attenuated during mild LBNP (15 mmHg) [30] . Heat stress elevates MSNA [5, 12] ; if cerebral SNA is also raised during heat stress it is plausible that CVMR might be reduced during this thermal condition. In contrast with this hypothesis Low and colleagues [19] reported similar CVMR to one level of steady-state hypercapnia during normothermia and after an increase in internal temperature of *1.1°C. SNA increases progressively with passive heating in rats and humans [13, 14] ; therefore, it is possible that a greater degree of heat stress and thus SNA are required to attenuate CVMR. However, Fan and colleagues [7] reported similar CVMR to one level of steady-state hypercapnia during normothermia and after incremental increases in internal temperature of up to 2.0°C. Importantly, it has been reported that CVMR differs between steady-state increases in PET CO 2 (typically one or two levels of hypercapnia) relative to rebreathinginduced breath-by-breath increases in PET CO 2 [22] . In addition, heat stress-induced elevations in sympathetic outflow are augmented when combined with an orthostatic challenge [5] . Nonetheless, our current data suggest that CVMR to breath-by-breath increases in PET CO 2 during moderately severe heat stress with and without LBNP are unchanged relative to the normothermic condition. Taken together, these findings are in agreement with those of Low and colleagues [19] and Fan and colleagues [7] . These current and previous data [7, 19] showing a lack of change in cerebral responses to rebreathing during perturbations known to elicit elevations in MSNA suggest that (1) the elevation in MSNA during heat stress with and without LBNP may not reflect the increase in SNA directed to the cerebral circulation; (2) the cerebral circulation is not influenced by elevations in sympathetic outflow, and/or (3) the magnitude of increase in cerebral SNA during these perturbations was insufficient to diminish the cerebral responsiveness to hypercapnia. The absence of influence of sympathetic outflow on cerebral reactivity is further supported by the finding that despite the lower baseline values for PET CO 2 and MCA V mean during HS and HS ? LBNP compared to NT, the relationship between these variables during the rebreathing period was the same (data not shown). That is, when rebreathing data for all conditions were compared in absolute units the rise in MCA V mean is linear across the spectrum of PET CO 2 achieved. This indicates that during rebreathing, changes in PET CO 2 appear to be primarily responsible for the changes in MCA V mean regardless of condition.
Limitations
Although MCA V mean is not a measure of cerebral blood flow; if the diameter of the insonated vessel does not change then a linear relationship exists between MCA V mean and flow. Previous reports indicate that the diameter of large cerebral arteries (i.e., middle cerebral artery) does not change during various perturbations including changes in Pa CO 2 [25] ; therefore, MCA V mean is a reliable index for cerebral perfusion that has been validated [6] . Despite this, recent evidence suggests that during severe hypercapnia, transcranial Doppler measures of velocity underestimate global cerebral blood flow due to increased MCA diameter [28] . However, in the current study the increments in PET CO 2 were small (\15 Torr), and evoked similar cerebrovascular responses in each thermal condition. Likewise, cerebral responses were similar when compared over smaller increments (*12 Torr) above eucapnia. These data suggest that the magnitude of hypercapnia achieved in the current study was not sufficient to alter MCA diameter. Another important assumption regarding our current study is that PET CO 2 is a valid index of Pa CO 2 . It has been recently demonstrated that Pa CO 2 and PET CO 2 are similar over a range of hypocapnic and hypercapnic stimuli and respiratory rates [9] . PET CO 2 has also been shown to accurately reflect Pa CO 2 during whole-body HS alone and during a simulated hemorrhage challenge [2] . Thus, in the current study PET CO 2 is an accurate index for Pa CO 2 .
Although SNA was not measured in the current investigation, it is well documented that passive heat stress increases sympathetic outflow [5] . Furthermore, LBNP alone increases sympathetic outflow [27] , and this effect is augmented during heat stress for a given level of LBNP [5] . Therefore, there is ample data to suggest that global SNA is greater during HS relative to normothermia and HS ? mild LBNP relative to heat stress alone. However, we acknowledge that little is known regarding the magnitude of SNA directed to the cerebral circulation during heat stress and the responsiveness of this circulation to elevations in SNA.
Heat stress evokes an array of changes in physiological systems that could impact regional blood flow and/or autonomic responses. Accordingly, while it is unlikely, we cannot exclude the possibility that other factors associated with heat stress alone, or when combined with LBNP, may have altered the cerebral responses to hypercapnia. Specifically, cardiac output is elevated during heat stress and previous work suggests that cardiac output influences cerebral perfusion [21] . Furthermore, heat stress elicits a hyperventilatory response that results in reduced Pa CO 2 and cerebral perfusion; however, based on our current data, it appears that neither mechanism alters cerebrovascular reactivity to PET CO 2 . Nonetheless, our current work and work of others [19] suggest that the myriad of heat stress-induced changes result in no net change in cerebrovascular responses to hypercapnia relative to normothermia.
Conclusions
In summary, cerebral vasomotor reactivity to rebreathinginduced hypercapnia is not altered during whole-body heat stress alone or when combined with mild orthostatic stress compared with normothermic conditions. This finding suggests that cerebrovascular reactivity is unaltered during thermal and cardiovascular challenges known to increase sympathetic outflow.
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